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ABSTRACT 
Purification of natural gas is very crucial step for upgrading the current value of natural 
gas, which contain about 5-20% of nitrogen. Petroleum refineries currently employ 
cryogemcs, pressure swing adsorption (PSA), and membrane systems for hydrogen 
recovery. Each of these technologies has limitations: cryogenics is generally used only in 
large-scale facilities with liquid hydrocarbon recovery, because of its high capital cost; 
and PSA typically recovers less of the feedstream and is limited to modest temperatures. 
Due to this reasons, alternative approach using membrane technology is to be explore. 
The purpose of this study is to develop a mathematical model for predicting the 
permeability and separation of nitrogen from natural gas. The parameters of concerns are 
operating pressure and temperature, feed composition and membrane pore size. 
Simulated results shows that increase in temperature gives rise to a strong increase in 
membrane segmental motions, causing the pore diameter to become larger resulting the 
selectivity will be lower. The effective diffusivity is either determined experimentally 
without knowledge of the porosity or tortuosity or use of predictive method for ordinary 
molecular diffusivity. It considers the normal molecular diffusivity and the Knudsen 
diffusivity. Operating conditions can be very important; an excellent membrane will 
achieve a poor performance if the operating conditions have not been properly selected. 
Selectivity is controlled by the properties of the active layer, and the porous supporting 
layer improves mechanical properties of the membrane only. The membrane used in this 
study is alumina. The equation used to calculate the permeability for pure gases consider 
the effect of viscous, Knudsen and surface diffusion. The total permeability of gases will 
increase as the membrane pore size increased. At 323.25 K, and pressure 60 bar, the 
permeability of methane at rp =0.2nm is 4.8313xl0"11 molls and the value increase to 
1.76xl0.10 molls at rp=2nm.The effect of pressure and temperature were also studied, 
where increase in feed pressure will in result increase the total permeability. The effect of 
temperature shows the opposite trend where the total permeability decreased as the 
temperature increased. 
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The permeability of the binary mixture of methane and nitrogen is very close to 
permeability of pure methane. Pure methane attained the highest permeability. As the 
membrane pore size increase, more gas molecules can diffuse through the membrane and 
as a result, the total permeability of gases increased. Due to increase value in 
permeability of both methane and nitrogen, the separation process will be less selective 
and thus it decrease with increase in pore size. As the flow rate at the retentate side is 
higher, the percentage removal will decrease. Thus in order to achieve high nitrogen 
removal, the stage cut must be low. 
11 
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Cost comparison on available separation technology to remove nitrogen 
from natural gas by Gas Research Institute 
Typical Inlet Composition Of Natural Gas 
Membrane Properties 
Minimum Kinetic (sieving) diameters of various penetrants taken from 
the zeolite literature. 
Operating conditions under study. 
Abbreviations and Nomenclature 
qF Total feed flowrate [mol-1] 
qo Outlet reject flowrate [mol-1] 
qp Outlet permeate flowrate [mol-1) 
AM Membrane area [m2) 
P' A Permeability in the membrane [moLs.kg-1] 
t Membrane thickness [m) 
Ph Total pressure in the high pressure feed side [kg.m-1.s-2] 
p, Total pressure in the low pressure permeate side [k -1 -2) g.m .s 
xo Mole fraction at the reject side [-) 
yP Mole fraction in the permeate [-) 
XI Mole fraction at the feed side [ -) 
a* Ideal separation factor [ -) 
DA.i Normal diffusion of species A into species gas i in mixed gas [m2s-l) 
D, Normal diffusion for species of gas I [m2s-l) 
Di,mix Normal diffusion into mixed gas [m2s-l) 
DK,i Knudsen diffusion for species i [mzs-1] 
Ds Surface diffusion [m2s-l) 
I Equilibrium loading factor [m3kg-l) 
p Permeability [ moLs.kg-1] 
M Molecular Weight [gmor1) 
p Average pressure in the membrane pore [k -1 -2) g.m .s 
Pc 
·' 
Critical pressure of species i [k -1 -2) g.m .s 
P, pressure ratio between the permeate and feed side [kg.m-1.s-2] 
rg gas radius [m) 
lV 
rP Pore radius [m] 
T Temperature [K] 
T c.i Critical temperature of species i [K] 
tm Membrane thickness [m] 
x, Fraction of species i as described in the equation 2.20 [-] 
XJ Fraction of species j as described in the equation 2.20 [ -] 
z Compressibility factor [ -] 
f.. Mean free path [m] 
1: Tortuosity [-] 
f.l Viscosity [kg.m-1s.1] 
Jlmix Viscosity of mixture [k -1 -1] g.m s 
s Porosity [-] 
'I' Constant described in equation 2.20 [-] 
aP Back diffusion [ -] 
a,h Theoretical separation factor [ -] 
Pm Membrane density [kg.m-3] 
L:V Volume diffusion of atom and structure [ -] 




1.1 BACKGROUND OF STUDY 
Worldwide there are major differences in natnral gas quality specifications that are 
mainly intended to meet pipeline requirements and the needs of industrial and domestic 
consumers. From environmental perspective, lower content ofNz in natnral gas fuel can 
reduce the emission of NOx to the air. The broad goal of this project is to develop a 
mathematical model of N2 separation from natural gas using alumina membrane. The 
membrane that has been selected for this study is an inorganic membrane. The 
composition of natural gas is never consistent. It varies and depends on its source. 
Parameters such as temperature, pressure and feed composition need to be analysed to 
see the effect to the permeability and selectivity. The study is extended to the 
determination of the set of parameters necessary to describe quantitatively the transfer 
properties of membranes. 
1.2 PROBLEM STATEMENT 
Our earth has plentiful supplies of natural gas, but most of the gas reserves substandard 
gas contains too many impurities to be piped directly into homes and industries. With 
the expansion of natural gas demand in the future, more effective and economic ways to 
upgrade substandard gas are needed. The main component in natural gas is methane. 
Such substandard natural gas contains significant concentration or quantities of gas 
other than methane. These non-hydrocarbons are predominantly nitrogen, carbon 
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dioxide, and hydrogen sulfide, but may also include other gaseous components. 
Nitrogen is a trace gas in natural gas. The separation need arises due to the presence of 
small amounts (5-20%) of nitrogen impurities. Although the concentration is small, the 
composition ofNz should at the outset comply with the pipeline specifications and meet 
product specifications. Nitrogen contaminated natural gas has low Btu and must be 
upgraded by removing the nitrogen. Purification process technology is therefore 
required. Comparison done by Gas Research Institute in their research, among the 
existing method used are cryogenics and pressure swing adsorption (PSA). Currently, 
membrane technology has also been considered in the removal of nitrogen from natural 
gas. Each of these technologies has limitations: cryogenics is generally used only in 
large-scale facilities with liquid hydrocarbon recovery, because of its high capital cost; 
and PSA typically recovers less of the feed stream and is limited to modest 
temperatures. Due to this reasons, alternative approach using membrane technology is 
to be explore. 
1.3 OBJECTIVES 
1.3.1 Project Relevancy 
This project is intended to benefit industries that are either already involved in the gas 
separations or the utilization of gas business either as a user or as a provider. This 
research-based project offers technological modeling in nitrogen separations from 
natural gas and identifies the best operating conditions that will increase the efficiency 
of the conventional separation technology and their product quality within the context 
ofthe market. 
The objectives of this research project are: 
a) To develop a mathematical model of Nz separation from natural gas usmg 
membrane technology. 
2 
b) To study parameters such as temperature, pressure, and nitrogen feed 
concentration and feed flow rate that influence the denitrogenation process of 
natural gas using alumina membrane. 
1.4 SCOPE OF STUDY 
This project will focus in developing a mathematical model in predicting the separation 
of nitrogen across inorganic membranes that is alumina. In order to achieve the 
objectives, the work is divided to two parts where the first part is to study the 
permeability of pure gases of nitrogen and methane. The second part involved the study 
of permeability of a binary gas mixture of nitrogen and methane as well as the 
separation factor. The important parameters involved in developing the model has been 
identified and worked-out to fully understand the interconnection and dependency of 
each parameter and sub parameters to the separation process. 
The purpose of developing the model is to study the quantitative effect of varying the 
parameters or operating conditions to the performance of the separation process. The 
parameters include the operating pressure, temperature and feed composition. Operating 
condition can be very important, as an excellent membrane will achieve poor 
performance if the operating conditions have not been properly selected. 
To determine the most efficient separation process, factors such as chemical and 
thermal compatibility, separation performance and fouling behavior shall be considered. 
However, in this study, the membrane is assumed to be in perfect condition where there 
will be no fouling. The separation process is assumed to be in steady state condition. 
The feasibility of this project will concern more on the technicality of the separation 
process. The model predicts the quantification of the membrane separation 
performance. Predicting is an important function for planning in various areas such as 
control engineering, electric power systems, economics, business strategic development, 
production, finance, etc. 
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The study on permeability and separation factor as the measure of the separation 
performance is almost universal as this allows easy comparison of data from various 
sources, and also clarifies and quantifies the contributions made by the nature of the 




2.1 CURRENT PRACTICE 
Currently, one of the processes being considered for nitrogen removal from natural 
cryogenic distillation is the only one being used on any scale. Cryogenic processes are 
typically used to treat gas containing more than about 10% nitrogen, but the need for 
extensive pretreatment and high cost are the major drawback. The keys for membrane 
performance variables are selectivity, permeability and durability. Table below shows 
the cost comparison done by Gas Research Institute in their research, Nitrogen Removal 
From Natural Gas Using Membrane in order to find the most cost effective technology 
to separate nitrogen from natural gas. 
Table 2.1: Cost comparison on available separation technology to remove nitrogen from 
natural gas by Gas Research Institute 
Total Capital Cost 
Processing Cost 
Technology ($/Mscfd plant 
($/Mscf) 
capacity) 
Cryogenic Distillation 1184 1.30 
PSA (Pressure Swing 
1320 1.65 
Adsorption) 
Membrane 277 0.30 
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For many gas separation applications, membranes with high selectivity and 
permeability are not available. Gas Research Institute (GRI Executive Summary, 
March, 1993) reveal that 14% of known 2 reserves in the United States are sub quality 
due to high nitrogen content. Obtaining suitable nitrogen-permeable membranes does 
not seem feasible. Calculations show that a nitrogen/methane selectivity of at least 15 is 
required to make this type of membrane economically viable; the highest selectivity 
available with current polymers is only about 2-3. On the other hand, for a methane-
permeable membrane to be viable, a methane/nitrogen selectivity of 4 to 6 would 
suffice. Hybrid processes consisting of a membrane first stage followed by an 
adsorption, absorption or cryogenic second stage are likely to be a lower cost design for 
high-flow, high-nitrogen-content streams. 
2.2 NATURAL GAS AND NITROGEN REMOVAL 
Natural gas, for which the reserve is almost as abundant as for fossil oils, is one of the 
potential substitutes of petroleum. Natural gas is a naturally occurring gas mixture, 
consisting mainly of methane. Impurities such as nitrogen, carbon dioxide, and 
hydrogen sulfide need to be removed in order to meet commercial standards and 
pipeline specifications. Table below shows the typical inlet composition of natural gas 
by Gas Research Institute. 
Table 2.2: Typical Composition Of Raw Natural Gas 








Total Sulfur 33 ppmv 
C02 3 
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Statistics clearly show natural gas to be the safest energy form. It has an enviable safety 
record because of several factors. Natural gas is non-toxic. The odorant that added 
makes it easy to detect small leaks. Since natural gas is lighter than air, it dissipates 
quickly in a well-ventilated area. Nitrogen removal is presently an expensive operation, 
which can present uneconomic scenarios in the potential development of natural gas 
fields containing high nitrogen concentrations. 
2.3 MEMBRANE 
A membrane is a selective barrier. This simply means that different gases, vapors, or 
liquids move through the membrane at different rates. An example of a barrier would be 
a balloon. Helium passes through a balloon over time, causing the balloon to deflate. 
Another example of a barrier is a plastic soda bottle. Over time, the C02 in the soda will 
pass through the plastic bottle, and the soda will become flat. 
Membranes use the principle of selective permeation to perform the desired separations. 
Each gas in a stream that is fed to the membrane has a characteristic permeation rate, 
which is a function of its ability to diffuse through the membrane wall. Examples of fast 
gases are oxygen and water vapor, which diffuse quickly through the membrane wall. 
Examples of slow gases are nitrogen and methane, which stay in the bore of the fiber 
and pass through the wall of the fiber much more slowly. The fast gases are vented from 
the membrane at lower pressure. The driving force for the separation is the difference 








Relative Permeability of Natural Gas Components. 
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Membranes may be made from polymers, metals, ceramics, glasses, carbon. There are 
four types of membrane geometries: plate and frame, spiral wound, tubular, and hollow 
fibers. The plate and frame membrane is a simple assembly, which has very limited 
membrane area in a given size. A spiral wound membrane improves the effective 
membrane area, but has problems with high-pressure drop. Tubular membranes have 
moderately effective membrane area and are the preferred geometry in dirty separations 
(e.g., dirty water). Hollow fiber membranes, the most common geometry for 
commercial membranes today, have a superior effective membrane area per separator 
volume. Hollow fiber membranes are a self-supporting structure, which provide a 
higher-pressure capability. 
Among the benefits of membrane are: 
• Membranes are a simple, passive device 
• No maintenance is required on membranes 
• Minimal maintenance is required on membrane systems, consisting of 
replacement of upstream filtration elements 
• Field proven in a wide variety of applications 
• Easily expandable systems by the addition of membrane separators 
• Significant savings available vs. other technologies 
• Light weight 
2.4 MEMBRANE SEPARATION 
The principal of a membrane process is to separate one or more constituents from a two 
or more component system by the help of a potential driving force across a semi 
permeable barrier (the membrane) through which one or more of the species moves 
faster than another or other species. Figure 2.2 shows the basic process of the membrane 
separation involves a feed mixture separated into a retentate (part of the feed that does 








Figure 2.2: Principal of membrane process 
Membrane separation mtmmtzes the thermal stresses and chemical changes that 
typically occur in conventional separation processes. For this reason, they are suitable 
for separating temperature-sensitive products. In addition, membrane separations are 
often less energy intensive than conventional separation processes are, and the 
separation systems can be constructed on a modular basis. Six major membrane 
processes such as microfiltration, ultrafiltration, reverse osmosis, electrodialysis, gas 
separation, and pervaporation are in wide use in such application areas as water 
purification (drinking water, wastewater, and ultrapure water), chemical and food 
processing, drug delivery, bioseparations, and medical treatment. 
Gas separation is another application of the rapidly growing membrane technology. One 
of the major problems confronting the use of membrane based gas separation processes 
in a wide range of applications is the lack of membranes yielding high flux and high 
selectivity. 
2.5 y -ALUMINA MEMBRANE 
y - Alumina membrane is selected for this study based on the endurance at high 
temperature and its mechanical strength. Alumina is very stable and has high melting 
point at 2050°C. Alumina (Ah03) is one of the ceramic oxide that is sued widely as 
more the 50 percent of world market for technical ceramic product is based on this type. 
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Ceramic membrane that has high content of alumina is normally transparent. Ceramics 
with more than 80% of alumina are called alumina or ceramics with high alumina 
content. While ceramics with low content of alumina is called porcelain. The 
application of alumina covers various area such as electrical, bio-medical, engineering 
and optics. Alumina membrane with low porosity will normally be selected as the 
separation medium in gas separation. Small pores are essential to ensure high separation 
performance. Experiment shows that pores diameter that is similar to the gas molecules 
diameter will produce high separation factor (Egan et al., 1992). The composite 
membranes of 'Y-Al20 3 were fabricated by sol-gel coating with boehmite (AlOOH) sol. 
The permeabilities of He, N2, and C02 were measured at temperatures of 298-673 K 
and pressures of 101.3-405.2 KPa. The permeability through 'Y-AbOJ membrane was 
constant with the pressure difference and decreased with the square root of temperature. 
The main mechanism of gas transport through 'Y-A[z03 membrane was proved as 
Knudsen diffusion. CaO was impregnated on the 1'-AbOJ membrane to improve 
separation factor by introducing interactions between C02 gas molecules and the pore 
wall, but high separation factor was not obtained. Silica modified 'Y-A[z03 membrane 
was also prepared to increase the separation factor. The separation factor of C02 to Nz 
was increased to 1.4 at 298 K though it decreased with increasing temperature (Han et 
al 1995).Among other membranes that are used in separating nitrogen from natural gas 
are, Teflon AF, PEBAX. 
Larbot et al., (1998) found that alumina membrane pore size increase as the sintering 
temperature increase. The increase is more rapid at temperature more than 1 000°C. 
Thus, they conclude that the expansion of membrane pore size can be control at low 
temperature. Leeneaars et at., (1984) in his research found that pore size of alumina 
membrane increase from 3.7 to 78 nm when temperature is increased from 200 to 
1 000°C. In order to reduce the size of membrane pore size produces, Okubo et al., 
(1993) proved that pore size for alumina membrane could be reduced effectively by 
adding nickel into sol bohmit. 
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2.6 MEMBRANE CHARACTERIZATION 
Membrane pore size is one of the most important parameter that influence the 
permeability and selectivity of gases. The smaller the membrane size, the higher the 
separation factor. Membrane pore size can be determine by using mercury porosimetry 
as used in a research by Larbot et al., (1988 and 1989). The use of this tool to measure 
membrane pore size is based on Washburn equation (Washburn,1991), 
prp = -2~(koso) (2.1) 
where p is the pressure on sample, rp is the membrane radius, ~ is the mercury surface 
tension and o is the mercury angle that wet the solid membrane. The membrane radius 
can be obtained if pressure is known. 
Membrane that is too thick will expenence delayering and cracking. Membrane 
thickness also has effect on the drop of trans-membrane flux. 
Another parameter that can contribute to permeability is porosity. Porosity is the ratio of 
pores volume in membrane to the overall membrane volume. Porosity can also be 
determined if the pores' volume and membrane density is known according to De 
Lange et a/.,(1996). 
v 




where V Pis the volume of the membrane pores and Pm is the membrane density. 
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(2.2) 
Table 2.3: Membrane Properties 
Inorganic membrane; 
Alumina 




2.7 LIMITATIONS IN MEMBRANE SEPARATION 
The following are some ofthe general limitations with membrane separations: 
o Fouling which occurs because the membrane is clogged, this leads to 
o Frequent cleaning 
o Fluctuation in concentration is not handled well by the membrane 
o Size of particles being separated; there is a molecular weight cut off 
o Temperature and pH effects on diffusivity must always be considered 
I 00-200 psi for porous membranes: collapse, blocks pores 200-1000 psi 
for non-porous membranes 
o Temperature-Plastic membranes melt at 200°C 
2.8 MEMBRANE MODULE TYPES AND THEIR CHARACTERISTICS 
2.8.1 Plate and Frame 
Permeates is collected from channels in support plates and leaves enriched in the most 
permeable component. 
Advantages: Easy to clean and replace membranes. 
Disadvantages: Low membrane area per volume 
12 
2.8.2 Spiral-Wound Module 
The feed passes through membrane that is spirally wound around the porous tube. This 
module is wrapped into a spiral and placed in a cylinder shell. 
Advantages: Easy and inexpensive. 
Disadvantages: Low membrane area per volume. May become expensive 
for high-pressures because extra high-pressure shells must be purchased. 
2.8.3 Hollow-Fiber, Capillary, and Tubular 
Positions of feed and permeate ports affect flow in the module. High-pressure pressure 
applications tend to use shell feed, and low pressures favor bore feeds. 
Advantages: Eliminates bypassing when used in bore feed mode. 
Disadvantages: Large diameter fibers may be required in some cases. Fouling due to 
high surface areas if feed contains particulates. 
13 
CHAPTER3.0 
TRANSPORT IN MEMBRANE 
3.1 THEORY OF GAS DIFFUSION 
3.1.1 Gas Diffusion In Porous Solids 
Diffusions within the largest cavities of a porous medium are assumed similar to bulk 
diffusion. Fickian diffusion is important and dominant in gas permeation. The driving 
force for Fickian transport of a substance is a gradient in chemical potential: 
dJ.t/RT 
N =-n.c ' ; 
' ' d.x 
(3.1) 
In most cases, activity coefficients are close to one, and Fick's first law is written as : 
N =-DCdC, 
' ' d.x 
(3.2) 
Assuming Di is constant and independent of Cb, the concentrations in the fluid phases 
are in equilibrium with the membrane. Fick's Law may be written: 
(3.3) 
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3.1.2 Knudsen Diffusion 
Diffusion may occur by ordinary diffusion and in series with Knudsen diffusions when 
pore diameter is very small and/or total pressure is low. In the Knudsen flow regime, 
collisions occur more frequently between gas molecule and the pore wall rather than 
between gas molecules. It occurs by intermolecular collision and is contrasted with 
ordinary or bulk diffusion. 
Figure 3.1: Knudsen Diffusion 
Normally, the membrane pores are not straight and might have different cross sectional 
area. Not all of the membrane pores will let the gas molecules to pass through it. 
However, at intermediate pressure, both ordinary and Knudsen diffusion may be 
important and must be considered and this can be represented in the equation below 
where D is the effective diffusion; 
e; 
(3.4) 
where Dki is the Knudsen diffusivity. In small pores at low pressures, the mean free path 
f! of the gas molecule (or atom) is significantly greater than the pores diameter dp. Its 
magnitude may be estimated from this equation below (Perry & Green). 




As a result, collisions with the wall occur more frequently than the other molecules, 
which from the kinetic theory of gases applied to a straight cylindrical pore, is given by 
Knudsen diffusivity in this equation below: 
D ~ 2rp ~ BRT 
k, 3 rr M, (3.6) 
This equation is produced based on kinetic theory and Fick's Law. If Knudsen diffusion 
occurs, the average mean free path of the gas molecules are greater or equals to the 
membrane pore that is 2rp. When the collision occurs at f... = 2rp, the effect mean free 
path, A., is 2(rp-rg). Thus equation 3.6 becomes; 
(3.7) 
Equation above can only be applied for membrane with pore diameter more or equals to 
the gas molecule diameter. If the pore diameter is less than he gas molecule diameter, 
Knudsen diffusion will no longer exist as the average mean free path will be less and 
the diffusion rate will give a negative value. Negative Knudsen diffusion is zero 
diffusion where no gas diffused through the membrane. 
To summarize, 
For rp 2': rg.i, 
For rp < rg.i 
Thus, the permeability for pure gas i can be determine by using this equation (Seaders 
and Henley, 1998). 
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The equation to predict the diffusivity of a binary gas pair of A and B molecules is, 
( )
1/2 
_1.8583x1Q-7T3/ 2 _1 ___ 1_ 
DAB- 2 + 
p(J' QD,AB M A M B 
(3.8) 
(3.9) 
3.1.3 Surface Diffusion 
For gases that adsorbs on the porous solid, surface diffusion may be important, 
particularly at high surface coverage. Surface diffusion occurs when the intermolecular 
attractive forces between molecules of the membrane and the gas are greater than those 
between molecules of the gas it self. The mechanism can be viewed as molecules 
hopping from surface site to another. If the membrane pore has a strong attractive force 
to the gas molecules, most of the gas can be diffuse with this manner as shown in Figure 
3.2. 
Figure 3.2: Surface Diffusion 
The relation surface diffusion and Fick's Law, the flux diffusion can be shown as, 
J, =-D, dd~, (3.1 0) 
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D, is the surface diffusion and C, is the gas concentration that diffuses along the 
membrane pore surface. This concentration can be relate with the density of membrane, 
Pm and, membrane factor, h,(mol.g-1). Thus, 
(3.11) 




From Henry's Law, for low concentration and isotherm curve, where the membrane 
factor is directly proportional with Henry's diffusion constant, the relation can be 
shown as below, 
h o.fp 




where f is also known as loading factor. f increased as the pressure increased and 
decreased as the temperature increased. This relation is shown in Keizer et.al(1998). By 
substituting h into equation (3.13). 
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(3.13) 
Equation (3.13) that refers to the flux that is governs by the surface diffusion. D, can 
be determined by using the empirical equation such as below (Bird eta!, 1960), 
-2 [o45(-~H"J,)l D,=l.6xlO e . mRT (3.14) 
where ~Hads id the delta heat of adsorption. ~Hads is in J.mor1 if R = 8.314 J.mor1.K'1• 
m is the empirical factor that is equal to 2 for conductive adsorption and m=1 for 
insulative adsorption. The method to analyze the delta heat of adsorption is by assuming 
that the process is similar to the vapor condensation at the surface of a solid. By relating 
Fick's equation and surface diffusivity, the flux is given as ; 
Thus, 




To consider the factor of membrane thickness and pore size, equation (3.16) has been 
modify resulting to, 





The final equation, 
(3.19) 
3.1.4 Viscous Permeability 
A study suggests that the contribution of viscous flow mechanism to permeability is 
insignificant for small pore membrane and permeability is independent of average 
pressure at high temperature. Viscosity is closely related to surface diffusivity. As the 
viscosity of gas increase, the surface diffusion will decrease, as the intermolecular 
forces between the gas molecules are greater. 
Figure 3.3: Viscous Diffusion 






where P is the average pressure of the feed and permeate side. ~ is the gas viscosity 
that varies with temperature. 
The calculation of gas viscosity can be done by using the empirical expression below 





where ()2 and Q are the Lennard-Jones constant that can be obtain from Bird et al., 
" 
(1960). 
3.1.5 Total Permeability 
Thus, the total permeability is determined by using this equation: 
(3.22) 
The first term in the above equation, represent the laminar flow. The second algebraic 
expressiOn represents the Knudsen diffusion and the third represents the surface 
diffusion. 
3.1.6 Gas Mixture Permeability 
To calculate the permeability of a gas mixture, the average viscosity as well as the bulk 
diffusion has to be considered. Knudsen diffusion for gas mixture system remains the 
same for pure gas system. In Knudsen diffusion, the gas molecules only collide with the 
membrane pore walls and not with other gas molecules both same and different species. 
In gas mixture system, bulk diffusion may have a significant effect on the total 
permeability as different species of gases will interact differently. Equation below can 
be used to determine the permeability of a gas mixture, K· . : t,mv: 
(3.23) 
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where Jl mix is the average viscosity of the gas mixture and Dmix is the average diffusion 
of the gas mixture. The average mixture viscosity can be determined by using the 
empirical formula below, 
=~ xJ.l; 
Jlmix L...J n 




the normal or bulk diffusivity for gas mixture can be determined by using the equation 
below (Geankoplis, 1993), 
(3.26) 
where a=2.745 x 104 and b= 1.823 and can be obtain from Geankop1is, 1993. the 
calculation using equation ... assumed that the gas species A is diffuse into the pore 
through other gas species that is static. This is important so that the calculation of 
normal diffusivity in gas mixture can be done as what is recommended by Treybal, 
(1981) and Geankpoplis, (1993). Thus the equation forD A,mix becomes, 
I D = ------':.....__ __ 
A,mix XB Xc Xi 
--+--+ .... --
(3.27) 
DA,B DA,C DA,i 
where i is the individual gas species in the mixture and x is the mole fraction of the gas 
species in the mixture. 
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3.2 SEPARATION FACTOR, a 
The selectivity of separation process is a measure of the passage of a given component 
through the membrane. It is controlled by the properties of the active layer, and the 
porous supporting layer improves mechanical properties of the membrane only. 
The selectivity of a separation process in general can be controlled by the difference 
between membrane pore size and the size of separated particles, by different surface 
characteristics (electric charge, wetting characteristics, etc.) or by a different diffusion 
or dissolving of some separated components in the material of active membrane layer. 
The higher the selectivity the easier the separation process. Thus, separation factor can 
be the measure of the capability of gas that is to be separated from its mixture. 
By varying the chemical nature of the polymer, one can change the size distribution of 
the randomly occurring gaps to retard the movement of one species, while allowing the 
movement the other. This is said to be the 'mobility selectivity' mechanism. This 
separation is based on the difference in molecule size (kinematics diameter) of nitrogen 






Minimum Kinetic (sieving) diameters of various penetrants taken from 
the zeolite literature. 
He H2 NO C02 Ar 02 N2 co CH4 C2H4 C3Hs n-C4 
2.6 2.89 3.17 3.3 3.4 3.64 3.64 3.76 3.80 3.90 4.30 4.30 
The theoretical separatwn factor or 1deal separatiOn factor 1s the ratw the pure gas 
permeability in mixture through membrane. It can be shown in this equation: 
(3.28) 
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where K; is the permeability of gas i and ~ is the permeability of gas j. 
Normally, co-current flow in membrane separation use carrier gas to diffuse to the 
permeate side and this can cause back or reverse diffusion. The separation factor that 
consider back diffusion is up as by Haraya et a/.,(1986) in the equation below: 
(3.29) 
where, P r is the pressure ratio of the permeate and feed side. 
3.3 COMPLETE MIXING MODEL 
In modeling the separation of nitrogen from natural gas using membranes, student has 
selected the complete mixing model. When a separator element is separated operated at 
low recovery, there is a minimal change in composition. Thus, the results derived using 
the complete mixing model provides reasonable estimates of permeate purity. The 
complete mixing model is shown in figure below. 
Reject out 
high-pressure side x, 
Figure 3.4: Process flow for complete-mixing. 




q f = feed flowrate 
q o = outlet reject flowrate 
q =outlet permeate flowrate 
p 




By dividing equation (2) and (3), 
YP a'[ Xa -{pJ pJyP] 
l-yp (1-xJ-{pJ Ph{I-yP) (3.33) 




x -ey f p 
(1- fJ) or (3.35) 
Solving for the membrane area, 
(3.36) 
With these equations, the composition of nitrogen and methane at permeate and reject 
side can be determine. As a result, the relation of feed composition, stage cut and feed 




4.1 PROCEDURE IDENTIFICATION 
Before developing the model in predicting the separation of nitrogen from natural gas, a 
comprehensive literature on the behavior and properties of natural gas, nitrogen and 
membrane was done. This process involves analytical, critical and objective review of 
world's technical journals, books and industry and company literature through internet 
websites. From the model, the optimum conditions for denitrogenation process for 
natural gas shall be recommended. The most optimum conditions will be analyzed by 
quantitative comparison of the separation process efficiency by varying the parameters 
such as temperature, pressure, concentration and membrane characteristics that are 
directly related to performance. Through this student can uphold the originality of the 
project. 
The optimum conditions will be analysed by quantitative comparison of the efficiency 
of the separation process by varying the parameters that are directly related to 
permeability. These parameters include temperature, pressure and nitrogen feed 
concentration. The modeling involves equations from theories that are relevant to the 
removal of nitrogen separation from natural gas based on mass and energy balance. The 
equations that will be used in modeling the separation process are shown in this report. 
This allows independent analysis of interest parameters. 
4.2 ASSUMPTIONS 
All these equations should consider the assumptions made prior to the calculation 
process, which are: 
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1. The mixture of nitrogen methane is a binary mixture where only nitrogen and 
methane exist in the mixture. 
2. The membrane is operating in perfect condition where there is no fouling and 
no need for regeneration. 
3. pH effect is neglected. 
4. There is no chemical reaction occurs between the nitrogen and methane (ideal 
gas). 
5. There is no chemical reaction occurs between the gasses and the membrane. 
4.3 MODEL DEVELOPMENT 
4.3.1 Calculation of Permeability 
The model was developed based on the algorithm in Figure 4.1 and Figure 4.2. For 
calculation of permeability, first, the input parameters such as the gas properties, gas 
constant, membrane properties as well as the operating conditions is tabled out. The 
calculation starts with the viscous permeability calculation for pure gas using equation 
(3.20). Calculation for membrane permeability considers the gas viscosity. Gas 
viscosity change when temperature varies. Viscosity is determined by using equation 
(3.15). The next step is to find Knudsen permeability. In order to find the Knudsen 
effective diffusivity, the calculation of Knudsen and bulk diffusivity is required. 
Knudsen diffusivity is calculated using equation (3.7) while the bulk diffusivity is 
determined by using equation (3.8). Knudsen permeability can be determined using 
equation (3.9). Calculation of surface permeability can be determined by using equation 
(3.14) and thus, the total permeability is obtained by adding the values for Surface, 
Knudsen and Viscous permeability using equation (3.22). 
4.3.2 Calculation of Separation factor 
The calculation of separation factor was quite rather simple compared to the calculation 
of permeability. The ideal separation factor was first determined using equation (3.28). 
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In this study, the effect of back diffusion is considered and thus equation (3 .29) was 




INPUT parameters of gas properties: P, T, rg, and Mi 
t 
INPUT parameters for gas constant R 
~ 
INPUT parameters for membrane properties r: , " , t m , r p 
~ 
INPUT parameters for operating conditions; T, P and Xp 
1 
Calculation of pure gas Viscous permeability by using equation 
(3.20) 
~ 
Calculation of Knudsen permeability by using equation (3. 7) 
~ 
I Calculation of Effective permeability by using equation (3. 9) I 
+ 
I Calculation Surface permeability by using equation (3.14) I 




Figure 4.1: Algorithm to solve the modeling of permebility through membrane. 
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In this study, the best operating condition will be selected based on the highest 
permeability as well as high separation factor. In order to make a maningful comparison 
of the results, specific range of pressure, temperature and membrane pore size has been 
selected in order to calculate the permeability of pure gases as well as the binary gas 
mixture. The range of operating pressure and temperature selected are based on the 
normal operating condition of natural gas separation. The membrane diameter under 
study is basically focused on the range of 0.2nm to 2nm. This range is selected based on 
the findings from eexperiment shows that pores diameter that is similar to the gas 
molecules diameter will produce high separation factor (Egan eta!., 1992). 
Table 4.2: Operating condition under study. 
Parameters Range 
Pressure 40-75 bar 
Temperature 30-650 oc 
Membrane Diameter 0.2-2nm 
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4.5 SEPARATION FACTOR 
START 
Calculation of ratio of permeates and feed pressure, P, 
Calculation of ideal separation factor, ath using equation (3.28) 
Calculation of separation factor that consider back diffusion, a 
(using equation (3.29) 
END 
Figure 4.2: Algorithm to solve the modeling of separation factor through membrane. 
4.6 MATHEMATICAL CALCULATION IN MATHCAD 
Mathcad were used as a tool in solving the equations in this project. It is a technical 
document creation system, with engineering calculation environment and a 
mathematical reference library. Mathcad is able to specifically developed calculations 
and chemical and physical process in modeling the denitrogenation of natural gas. 
The results of the calculation are represented in graph for easy comparison. Microsoft 
Excel can be the alternative tool to solve the calculations. 
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CHAPTERS.O 
RESULTS AND DISCUSSION 
The key to an efficient and economical membrane separation process is the membrane 
and the manner in which it is packaged or modularized. Desirable attributes of a 
membrane are: 
o Good permeability 
o High selectivity 
o Chemical and mechanical compatibility with the processing environment 
o Stability, freedom from fouling and reasonable useful life 
o Amenability to fabrication and packaging 
o Ability to withstand large pressure differences across the membrane thickness 
o Economic 
This study focus on the permeability and the selectivity or separation factor m 
separating nitrogen from natural gas using alumina membrane .. 
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Figure 5.1 Total permeability of pure methane as a function of membrane pore size 
in alumina at 60 bar, 323.15K. (s=0.603;t:=1.658) 
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Figure 5.2 Total permeability of pure nitrogen as a function of membrane pore size 
in alumina at 60 bar, 323.15 K. (s=0.603;t=l.658) 
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Figure 5.1 and 5.2 presents total permeability of pure gases, methane and nitrogen 
respectively as a function membrane pore size. Both methane and nitrogen shows the 
same trend where for pore size less than 2nm the total permeability is primarily 
governed by the surface diffusion. Surface diffusion occurs when the intermolecular 
attractive forces between molecules of the membrane and the gas are greater than those 
between molecules of the gas it self. The gas molecules are adsorbed and then move 
onto the pore walls. The gas molecules will diffuse along the pores. Surface diffusion is 
constant although when the pore size increased as its mechanism does not depend on the 
size of the pore but the attractive forces between the pore wall and the gas molecules. 
As the membrane pore size increased, the effect of Knudsen diffusion becomes more 
significant. This is because larger pore sizes allow more gas to collide with the pore 
wall. Thus, more gas will diffuse in this manner. Viscous diffusion gradually increase as 
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Figure 5.3 Total permeability of pure methane and pure nitrogen as a function of 
membrane pore size in alumina at 60 bar, 323.15 K. (E=0.603;r=l.658) 
Overall, the total permeability for pure methane in alumina is higher compared to pure 
nitrogen. This is due to the lower molecular weight of methane that contributed to the 
significant effect of permeability by Knudsen diffusion. 
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Figure 5.4 Effect of feed pressure to methane total permeability at different 
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Effect of feed pressure to nitrogen total permeability at different 
membrane pore size at 323.15K in alumina (c=0.603,'t=l.658) 
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Figure 5.4 and 5.5 presents the pure methane and nitrogen total permeability as a 
function pressure at different membrane pore size. Both methane and nitrogen shows 
the same trend where the total permeability increased as the pressure increased. This is 
because higher feed pressure will create a higher driving force for the process where in 
result increased the net permeation across the membrane. The increase in total 
permeability is contributed by viscous mechanism that will be greater as the pore size 
increase. The normal operating feed pressure for natural gas purification is about 60 bar. 
At this pressure, the highest total permeability is achieved when the membrane pore size 
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Figure 5.6 Effect of feed pressure total permeability of pure methane and pure 
nitrogen at 60 bar, 323.15 K. in alumina (rp=2nm, E=0.603,-r=l.658) 
Overall, the total permeability for pure methane in alumina is higher compared to pure 
methane. At this operating condition, as the membrane pore size increased, the total 
permeability increased as the pressure increase. 
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Figure 5.7 Effect of temperature to methane total permeability at different 
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Effect of temperature to nitrogen total permeability at different 
membrane pore size at 60 bar in alumina (g=0.603;t=1.658) 
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Figure 5.7 and 5.8 presents the pure methane and nitrogen total permeability as a 
function temperature at different membrane pore size. Both methane and nitrogen 
shows the same trend where the total permeability decreased as the temperature 
increased. The effect of surface diffusion decrease as the temperature increase. This is 
because the adsorption factor, f, that decrease as the temperature increase. Since the 
surface diffusion mechanism becomes small at high temperature and the effect of 
viscous mechanism is not really significant, the main transport mechanism is the 
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Figure 5.9 Effect of temperature total permeability of pure methane and pure 
nitrogen at 60 bar, 323.15 Kin alumina (rp=2nm, E=0.603;t=l.658) 
The total permeability for pure methane in alumina is higher compared to pure nitrogen. 
This might be due to increase of membrane pore size as the temperature increase. When 
the membrane pore size increase, methane molecules that has larger kinematics 
diameter compared to nitrogen will diffuse faster through the membrane compared to 
nitrogen. Effect of surface diffusion towards total permeability will decrease as the 
temperature increase. This is due to the loading factor that decreases as the temperature 
increase. As the mechanism of surface diffusion decreases at high temperature, and 
effect of viscous of is not significant, thus, the important mechanism in transporting the 
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gas at high temperature is Knudsen diffusion. Thus, this results shows that methane 
diffuse faster than nitrogen when temperature increased. 







i E 1.00E-10 
X 
',;; 
0 §. B.OOE-11 
? 
• • 




~ ~ G « ~ ~ ~ ~ ~ $ ~ @ ~ M M M 70 n M ro n 
p, 
1---*- Methane-Nitrogen mixture (20%mol of Nitrogen) -l!r- Pure methane -•··· Pure N21 
Figure 5.10 Analysis of feed pressure and total permeability of pure methane, pure 
nitrogen and methane and nitrogen mixture permeability at 60 bar, 
323.15 Kin alumina (rp=2nm, ~:=0.603;t=l.658) 
Figure 5.10 shows the relation of pure gas and gas mixture permeability with pressure 
ratio. As shown in the graph, overall, the total permeability of gases increases as the 
pressure increase. Pressure is the driving force in this process. Higher inlet pressure 
compared to the outlet pressure will increase the driving force and thus the permeability 
will increase. The permeability of the binary mixture of methane-nitrogen is very close 
to the permeability of pure methane due to higher composition of methane in the 
mixture. Pure methane attained the highest permeability. The permeability of nitrogen 
in the mixture is relatively low because the mean free path for nitrogen becomes smaller 
at high pressure. At the same time, the presence of methane molecules contributes to the 
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decrease of nitrogen permeability in mixture. This effect is cause by the different 
interaction of different gas molecules in bulk or normal diffusion. 
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Figure 5.11 Analysis of feed pressure and separation factor (CH4/ N2) at 60 bar, 
323.15 Kin alumina(s=0.603;t=1.658) 
Figure 5.11 shows the relation selectivity or separation factor of CH4/N2 with pressure 
ratio. The separation factor slightly decrease as the pressure increased. This graph also 
show that as the membrane pore size increased, the separation factor also decrease .. As 
the membrane pore size increase, more gas molecules can diffuse through the 
membrane and as a result, the total permeability of gases increased. Due to increase 
value in permeability, the separation process will be less selective and thus it decrease 
with increase in pore size. The separation factor slightly decrease as the pressure ratio 
increase. The reason behind this result is that, as the pressure ratio increase, the feed 
pressure will actually decrease. Thus, this will decrease the gas permeability. As a 
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result, less gas will diffuse through the membrane and the separation factor will 
decrease. 
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Figure 5.12 Analysis of rp and separation factor (CH4/ N2) at 60 bar, 
323.15 Kin alumina (s=0.603;t=l.658) 
2.5 
Plot above shows that the separation factor (CHJ N2) decrease as the membrane pore 
size decrease. As the membrane pore size increase, more gas is allowed to pass through 
the membrane. As a result the membrane separation factor will decrease as the 
membrane is less selective when the pore size increase. 
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Figure 5.13 Analysis of temperature and separation factor (CH4/N2) at 60 bar, in 
alumina (E=0.603;t=1.658) 
Figure 5.13 shows the relation of separation factor and temperature. The normal 
operating temperature for natural gas separation is in the range of 325 K to 380 K. The 
separation factor attain within this range of temperature is about 0.5 to 4.4. It is found 
that the separation factor decrease as the temperature increase. This is because, as the 
temperature increase, the membrane pore will also increase which as a result allow 
more gas to diffuse through it. This occurrence makes the membrane less selective as 
the temperature increase. This can be proved by looking at the result above, where the 
separation factor decrease as the pore size increase with respect temperature. 
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Figure 5.14 Analysis of percentage removal and feed composition (N2) at 60 bar, 
323.15 Kin alumina (rp=2nm, s=0.603;r=l.658) 
The analysis of percentage removal of nitrogen from methane-nitrogen mixture shows 
that as the feed composition (N2) increase, more nitrogen will be removed. 
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Figure 5.15 Analysis of percentage removal and feed composition (Nz) at 60 bar, 
323.15 Kin alumina (rp=2nm, E=0.603;r=l.658) 
The percentage removal decrease as the stage cut is increase. This is true since as the 
flow rate at the retentate side is high, less nitrogen will be at the permeate side. As a 
result, the percentage of nitrogen being removed will also decrease. 
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CHAPTER6.0 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 CONCLUSIONS 
Overall, the objective of this study have been successfully achieved. The mathematical 
model developed allow the study of effects of operating condition such as temperature 
and pressure. Based on study done, total permeability of gases will increase as the 
membrane pore size increased. This is obvious since as the pores diameter is increase 
more gas molecules can pass through the membrane. The most optimum pore size for 
natural gas denitrogenation is between 0.2 nm to l.Onm. At pore size higher than 2nm, 
the separation factor starts to decrease. Thus, will result in poor separation 
performanece. The effect of pressure and temperature were also studied, where increase 
in feed pressure will increase the total permeability. The most common operating 
pressure to purify natural gas is 50 to 7 0 bar. 
The effect of temperature shows the opposite trend where the total permeability 
decreased as the temperature increased. The most optimum temperature for this process 
is within 320 K to 400 K. At temperature higher that 400 K, the total permeability of 
nitrogen starts to decrease significantly and it is lower than methane total permeability. 
In the analysis methane-nitrogen mixture permeability with average pressure, the 
permeability increase as the average pressure increase. Pressure is the driving force in 
this process. Higher inlet pressure compared to the outlet pressure will increase the 
driving force and thus the permeability process. 
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Another important parameter in separation process by using membrane is separation 
factor. It is most desired to have a high separation factor. The analysis of separation 
factor and feed pressure shows that separation factor will decrease as the feed pressure 
increase. At the same time, the separation factor also increase as the membrane pore 
size decrease. 
The analysis on separation factor and membrane pore size shows that the higher the 
difference of membrane pore size and the gas molecules size, the lower the separation 
factor. The same effect is shown with increase of temperature. The separation factor 
decrease as the temperature increased. 
The study of percentage removal and feed composition shows that the separation 
increase when the feed composition is increasing. The percentage removal decrease as 
the stage cut is increase. This is true since as the flow rate at the retentate side is high, 
less nitrogen will be at the permeate side. As a result, the percentage of nitrogen being 
removed will also decrease. 
6.2 RECOMMENDATIONS 
Overall, this study has successfully achieved its objective that is to model the separation 
of nitrogen removal from natural gas and to study the parameters that such as pressure, 
temperature, feed composition and others in separating nitrogen from natural gas using 
alumina membrane. However, here are few recommendations that can be put into 
consideration for future studies, 
I. In this study, complete mixing model has been selected to module the separation 
process. However, the cross-flow model is more practical and said to be low in cost 
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2. in actual industry. Therefore, cross-flow model is recommended to be used in the 
next study and the results can be compared with this study. 
3. This study is only based on one stage membrane module. For the next study, it is 
suggested that the study is extended to more than one stage membrane module that 
can be connected in series or parallel. 
4. Since this is a mathematical study of nitrogen separation from natural gas, further 
study can be done experimentally to see the actual results and compare it with the 
calculated value from this study. 
5. Only one type of membrane is used in this study that is alumina which is an 
inorganic membrane. Therefore, it is recommended that other types of membrane 
consisting both organic and inorganic membrane to be used in the next study. The 
results may suggest the most suitable membrane to be used in the industry in order 
to separate nitrogen from natural gas. 
6. It is recommended that in the future, the phenomena called the capillary adsorption 
is being considered in the study. 
7. It is also recommended that a study be done on the engineering economy of this 
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Appendix A: Table of properties 








Table A-2: Gas properties 
Methane Nitrogen 
Kinematics 3.8oA 3.64A diameter 
Molecular 16.04E-3kg/mol 28.02£-3/kg/mol Weight 
Density 161.71 kg/m3 314.30kg/m3 
Table A-3: 
1. Constituent I Maximum Allowable Percent Volume 
!Methane 100 I 
IE thanes 10 
!Propane 5 
I Butanes 1.25 




!Total Sulfur 1133 ppmv (6 ppmv average) 
!Ammonia III ppmv 
I chlorine llo.05 ppm (weight basis) 
!Supply Pressure 114 to 14 inches water 
Appendix B : Table of gas viscosity at various temperature 
Table B-1: Methane viscosity at various temperatures 
Temperature 
J.l kT/E OJ.! (k -1 -1) 10-7 (oC) (K) g.m .s x 
30 303 2.212 1.1361 112.0 
100 373 2.723 1.0655 132.4 
150 423 3.088 1.0311 145.8 
200 473 3.453 1.0032 158.5 
250 523 3.818 0.9801 170.6 
300 573 4.182 0.9606 182.1 
350 623 4.547 0.9440 193.2 
400 673 4.912 9.3010 203.9 
450 723 5.277 0.9184 214.0 
500 773 5.642 0.9073 224.0 
550 823 6.007 0.8961 234.0 
. 
600 873 6.372 0.8875 243.3 
650 873 . 6.737 0.8789 252.7 
700 923 7.102 0.8708 261.8 
750 973 7.467 0.8639 270.6 
800 1023 7.832 0.8570 279.4 
850 1123 8.197 0.8507 287.9 
Table B-2: Nitrogen viscosity at various temperatures 
Temeperature 
J.l kT/E OJ.! (k -1 -1) 10-7 (OC) (K) g.m .s x 
30 303 3.311 1.0132 178.8 
100 373 4.077 0.9661 208.0 
150 423 4.623 0.9413 227.8 
200 473 5.169 0.9217 245.6 
250 523 5.716 0.9050 263.0 
300 573 6.262 0.8901 279.9 
350 623 6.809 0.8772 296.1 
400 673 7.355 0.8660 311.8 
450 723 7.902 0.8557 327.0 
500 773 8.448 0.8467 341.7 
550 823 8.995 0.8380 356.3 
600 873 9.541 0.8305 370.2 
650 923 10.087 0.8235 383.9 
700 973 10.634 0.8191 397.1 
750 1023 11.180 0.8146 408.6 
800 1073 11.727 0.8102 420.8 
815 1088 11.891 0.8058 425.2 
850 1123 12.273 0.8058 432.8 
